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Abstract 

We have t r e a t e d  i n  d e t a i l  t h e  theory of gamma-ray l i n e  production i n  

s o l a r  flares. The s t ronges t  l i n e ,  hoth predicted t h e o r e t i c a l l y  and detected 

observat ional ly  a t  2.2 MeV, is due t o  neutron capture  by protons i n  t h e  

photosphere. The neutrons are produced i n  nuclear  r eac t ions  of f l a r e  

acce le ra t ed  p a r t i c l e s  which a l s o  produce pos i t rons  and prompt nuclear  

gama  rays.  From t h e  ccrnparison of the  observed and ca l cu la t ed  i n t e n s i t i e s  

of the  l i n e s  a t  4.4 or 6.1 MeV t o  t h a t  of t h e  2.2 MeV l ine  j t  i c ;  p o s s i b l e  

t o  deduce the  spectrum af acce le ra t ed  n u c l e i  i n  t h e  f l a r e  region; and 

from the  abso lu te  i n t e n s i t i e s  of these l i n e s  i t  is poss ib l e  t o  o b t a i n  

t h e  t o t a l  number of acce le ra t ed  n u c l e i  a t  t h e  Sun. 

l i n e  a l s o  gives  i n f o m a t i o n  on the  amount of He3 i n  t h s  photosphere. 

study of the l i n e  a t  0.51 MeV r e s u l t i n g  from pos i t ron  a n n i h i l a t i o n  complements 

t h e  d a t a  obtained from t h e  o the r  l i n e s ;  i n  a d d i t i o n  i t  g ives  information 

on the  temperature and dens i ty  i n  t h e  a n n i h i l a t i o n  region and on the  

anisotropy of the  acce le ra t ed  e l e c t r o n  beam which produces continuum gamma 

rays  a t  energies  g r e a t e r  than about 1 MeV. 

The study of t h e  2.2  MeV 

The 
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1. INTRODUCTlON 

Measurements of acce le ra t ed  charged p a r t i c l e s  near t h e  Earth c l e a r l y  

i n d i c a t e  t h a t  such p a r t i c l e s  a r e  produced i n  great profusion i n  s o l a r  

f l a r e s .  These p a r t i c l e s  c o n s i s t  of both e l e c t r o n s  and n u c l e i ;  but  u n t i l  

t h c  advent of s o l a r  gamma-ray astronomy, observat ions i n  t h e  r ad io  and 

x-ray bands had revealed only the  ex i s t ence  of the  e l e c t r o n i c  component 

i n  the  f lare  region i t s e l f .  

I n  a previous paper (Lingenfel ter  and Ramaty 1967) w e  t r e a t e d  i n  

considerable d e t a i l  the  nuclear r e a c t i o n s  produced by acce le ra t ed  charged 

p a r t i c l e s  i n  s o l a r  f l a r e s  and w e  showed t h a t  i n  l a r g e  f lares these  

r eac t ions  produce d e t e c t a b l e  l i n e s  i n  t h e  gamma-ray region.  We found 

t h a t  the s t ronges t  l i n e s  skould be a t  0.5, 2.2, 4 . 4 ,  and 6.1 MeV r e s u l t i n g  

from p o s i t i o n  a n n i h i l s t i o n ,  neutron cppture OIL hydrogen, and d e e x c i t a t i o n  

of exci ted s t a t e s  i n  C1" and 0l6, r e spec t ive ly .  

The reccnt  observat ions by Chupp e t  a l .  (1973) of t h e  f i r s t  gamma- 

r ay  1i;ies from s o l a r  f l a r e s  confirm these  p red ic t ions .  

phase of the 1972tAugust 4 f l a r e  

r e l a t i v e  i n t e n s i t i e s  e s s e n t i a l l y  c o n s i s t e n t  wi th  our c a l c u l a t i o n s .  

During t h e  f l a s h  

a l l  of t hese  l i n e s  were observed wi th  

Since these  observations became a v a i l a b l e ,  several a d d i t i o n a l  s t u d i e s  

on gamma-ray l i n e  production i n  s o l a r  flares have been undertaken. 

Ramaty and Lingenfel ter  (1973a) have inves t iga t ed  the  consis tency of 

the  observat ions wi th  the  theory of nuclear r e a c t i o n s  i n  f l a r e s ;  t hese  

authors  a l s o  considered the effects of positronium formation and neutron 

propagation i n  t h e  s o l a r  atmosphere (Ra-aty and L ingenfe l t e r  

Reppin e t  a l .  (1973) t r e a t e d  t h e  time dependence of t h e  2 .2 .  MeV l ine;  

1973b); 
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Wang and Ramaty (1974) have done a d e t a i l e d  c a l c u l a t i o n  on neutron propa- 

ga t ion  and 2.2 MeV l i n e  formation and they pointed ou t  t h e  importance 

of photospheric He3 as a nonrad ia t ive  s i n k  f o r  t h e  neut rons ;  Kozlovsky 

and Ramaty (1974a) have pointed o u t  t h a t  cyo! r eac t ions  produce t h e  L i 7  and 

Be’ l i n e s  a t  478 keV and 431 keV which could b e  observal-’-e f r o m  f l a r e s ;  and 

Ramaty and Kozlovsky (1974) eva lua ted  i n  d e t a i l  t h e  product ion of H2 ,  H3 

and He3 i n  f l a r e s  and they at tempted t o  deduce t h e  number of protons released 

from t h e  f l a r e  of 1972, August 4 by combining t h e  He3 and gamma-ray obser- 

v a t  ions.  

I n  t h e  present  paper we wish t o  summarize t h e  above material m d  t o  

present  updated c a l c u l a t i o n s  on t h e  product ion of gamma-ray l i n e s  i n  

s o l a r  f l a r e s .  I n  Sec t ion  2 w e  d e f i n e  t h e  i n t e r a c t i o n  models t h a t  w e  

use i n  our  c a l c u l a t i o n s ;  i n  Sec t ion  3 w e  cons ider  neutron product ion and 

2.2 MeV l i n e  formation; i n  Sec t ion  4 w e  cons ider  t h e  product ion of prompt 

gamma-ray l i nes  with s p e c i a l  emphasis on t h e  4.4 MeV and 6.1 MeV l ines f o r  

which observa t iona l  da t a  e x i s t s ;  i n  Sec t ion  5 w e  compare t h e  r e s u l t s  of 

Sec t ions  3 and 4 with d a t a  f o r  t h e  1972, August 4 f l a r e  and we  deduce 

t h e  number and spectrum of acce le ra t ed  p a r t i c l e s  a t  t h e  Sun; i n  Sec t ion  6 

w e  t r e a t  problems concerning t h e  formation of t h e  0.51 

summarize our r e s u l t s  i n  Sec t ion  7 .  

MeV l i n e ,  and w e  
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2. INTERACTION MODELS 

Wc consider  two l i m i t i n g  i n t e r a c t i o n  models (e.g. Ramaty and 

L ingenfe l t e r  1973a): A t h in - t a rge t  model i n  which t h e  spectrum of 

acce le ra t ed  p a r t i c l e s  i s  not  moaified during the  t i m e  i n  which t h e  

nuc lear  i n t e r a c t i o n s  t ake  p lace ,  and a th ick- ta rge t  model i n  which 

t h e  acce le ra t ed  p a r t i c l e s  move from t h e  f l a r e  r eg ion  downward i n t o  t h e  

Sun, undergoing nuclear  i n t e r a c t i o n s  as they slow down i n  t h e  s o l a r  atmos- 

phere. In  the  th in - t a rge t  model i t  is assumed t h a t  e i t h e r  t h e  t o t a l  

path length  t raversed  by t h e  p a r t i c l e s  a t  t h e  Sun i s  small i n  comparison 

with t h e i r  i n t e r a c t i o n  length ,  o r  t h a t  the p a r t i c l e  energy loss from 

ion iza t ion  and nuc lear  i n t e r a c t i o n s  i s  j u s t  balanced by energy ga ins  

from acce le ra t ion .  

For the  composition of t h e  ambient s o l a r  atmosphere w e  u se  the  abundances 

given by Cameron (1973). For t h e  acce le ra t ed  p a r t i c l e  populat ions i n  both 

the  t h i n  and th i ck - t a rge t  models w e  cons ider  power-law and exponen- 

t i a l  spec t r a .  I n  t h e  th in - t a rge t  model t hese  are 

S Ni(E) = kiE- , 

and 
I 

respec&ively .  

acce le ra t ed  p a i t i c l e s  of kind i i n  t h e  i n t e r a c t i o n  reg ion  per  u n i t  

energy per nucleon, E ,  o r  u n i t  r i g i d i t y ,  P ;  k i  and k i  

Here Ni(E) and Ni(P) are t h e  ins tan taneous  numbers of 

a r e  cons t an t s  

determined by normalizing t h e  Ni I s t o  1 proton of energy g r e a t e r  than  

30 FieV and by using t h e  composition of t h e  ambient s o l a r  atmosphere; 

and s and Po are, r e spec t ive ly ,  t h e  spectral .  index and c h a r a c t e r i s t i c  
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r i g i d i t y  assumed t o  be t h e  same f o r  a l l  acce le ra t ed  p a r t i c l e  components. 

I n  the  th i ck - t a rge t  model w e  u se  expression similar t o  equat ions (1) 

and ( Z ) ,  but  w e  r ep lace  t h e  instantaneous numbers Ni by t o t a l  numbers, 

Nj,such t h a t  Ni(E) and N;(P) are the  t o t a l  number of a c c e l e r a t e d  charged 

+i-ticles p e r  u n i t  t?llergy per nucleon o r  u n i t  r i g i d i t y  t h a t  are r e l eased  

from t h e  f l a r e  region downward i n t o  t h e  Sun. A s  wi th  t h e  instantaneous 

f luxes  i n  t h e  thin- target  model, t h e  normalizat ions of t h e  Ni 's are 

determined by using t h e  composition of t h e  ambient s o l a r  atmosphere and 

- 

1 proton of energy g r e a t e r  than 30 MeV. 

In t he  th in - t a rge t  model, t h e  production ra te  of Secondaries from a 

p a r t i c u l a r  r e a c t i o n  is given by 

where n i  is the  number d e n s i t y  of t a r g e t  atoms i n  t h e  s o l a r  atmosphere, 

C B  i s p a r t i c l e  v e l o c i t y ,  and oi(E) is t h e  c r o s s  s e c t i o n  as a func t ion  of 

energy per nucleon. 

In  the  th i ck - t a rge t  model, t h e  t o t a l  production of secondary p a r t i c l e s  

The u n i t s  of q are secondary p a r t i c l e s  per  second. i 

f o r  a given r e a c t i o n  i s  

0 0 

where 1 

dE/dx is t h e  stopping power of t he  primary p a r t i c l e s  i n  s o l a r  material 

is the  rlumber of t a r g e t  n u c l e i  per gram of s o l a r  material, and i 

due t o  both Coulomb and nuclear  c o l l i s i o n s .  The q u a n t i t i e s  Qi are the  

t o t a l  number of secondaries  . Expressions similar t o  equat ions (3)  and 

( 4 )  can be w r i t t e n  down f o r  r i g i d i t y  spectra. 
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By inverting the order of integration, equation (4) can be written 

as  

- 
Because the  inner integral i s  just  the integral  spectrum of Ni(E), 

equation (5) can be further simplified, 

Qi = J; dE dx 0. (E) ii (>E). ( 6 )  dE 1 

In our subsequent treatment of secondary part ic le  production, w e  shal l  

use equations (3 )  and ( 6 )  or their  equivalents for r ig id i ty  spectra. 
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3 .  NEUTRON AND 2.23 MeV GAMMA RAY PRODUCTION 

Neutror? production by accelerated charged particles was treated by 

Lingenfeiter et al. (1965) and Lingenfelter and Ramaty (1967). Recently, 

Kozlovsky (private communication) has updated the cross sections used by 

these authors and has added additional data at low energies including data on 

alpha particle induced reacti-ons. The neutron production cross sections 

are shown in Figure 1. Here pp, pcu, m, pCNO and uCNO indicate neutron 

production in proton-hydrogen, proton-helium, alpha particle-helium, proton- 

heavy nuclei, and (y particle-heavy nuclei reactions, respectively. The 

latter two cross sections are the neutron production cross sections for 

all nuclei with ~4212, normalized to one such nucleus by using the 

el?mer.tal and isotopic abundances of Cameron (1973). 

The instmtaneous neutron production rates in the tbin-target model 

for power-law and exponential spectra are shown in Figures 2 and 3, 

respectively. The various production modes are: pp (proton-hydrogen), 

pa (proton-helium), crp (a particle-hydrogen:, rn (a particle-helium), 

pCNO (proton-heavy nculei) , CNOp (heavy nuclei-hjrdrogen) , aCNC (a particle- 

heavy nuclei), and CNb (heavy nuclei-helium). 

spectra (smaller values of s or larger values of Po) the neutrons are 

produced mainly in pcy, pp and up reactions. 

neutron production at large values of s is mainly due to uCNO and CNOa, 

reactions; the contribution of pCNO and CNOp reactions is small at all 

values of 7 ;  and QCY reactions make a major contribution around s=4. 

exponential spectra, (Figure 3) almost all of the neutrons are produced in 

pcu reactions at most values of P . 
of reactions induced by a-particles and heavy nuclci are lower than for 

As can be seen for flatter 

For power-law spectra (Figure 2) 

For 

In this case the relative ccntributions 
0 
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power-law spec t r a .  Because p a r t i c l e s  with zS2 have l a r g e r  r i g i d ? L l e s  

than protons,  i t  f o l l o w s  from equat ion (2)  +ha t  t h e i r  i'luxes r e l a t i v e  t o  

t h e  proton f l u x  a t  t h e  same energy per nucleon is  lower than i n  t h e  power- 

law case  given by equat ion  (1 ) .  Since t h e  nuc lear  c r o s s  s e c t i o n s  are t h e  

same f o r  t h e  d i r e c t  and inve r se  r e a c t i o n s  a t  t h e  same energy per  nucleon, 

f o r  p a r t i c l e  spec t r a  which a r e  exponent ia l  i n  r i g i d i t y  more neut rons  are 

produced by a proton induced r e a c t i o n  than by t h e  corresponding inve r se  process .  

Th,: t o t a l  neutron product ion r a t e s  i n  t h e  th in - t a rge t  model, q, and tale 

t o t a l  neutron y i e l d s  i n  t h e  th i ck - t a rge t  model, Q, are shown i n  Figure 4 

f o r  power-law and exponent ia l  s p e c t r a .  

primary s p e c t r a  the  nzutron product ion rates are about t h e  same f o r  t h e  

exponent ia l  and power-law cases. This  r e s u l t  i s  due simply t o  t h e  f a c t  t h a t  

f o r  such s p e c t r a  most of t he  neutrons a r e  produced i n  pr r e a c t i o n s  wi th  

e f f e c t i v e  threshold around 30 MeV/nucleon and a l l  of t h e  assumed s p e c t r a  

are normalized of 1 proton above t h i s  energy. But because a power l a w  

spectrum con ta ins  a much l a r g e r  number of low-energy p a r t i c l e s  t han  a n  

exponent ia l  spectrum wi th  t h i s  same normalizat ion,  t h e  s t e e p  power l a w  

spectrum can y i e l d  o r d e r s  of magnitude more neut rons  from aCN0 and CN& 

r e a c t i o n s  which have th re sho lds  more than an o rde r  of magnitude below 30 

MeV/nucleon. 

I n  t h e  th in - t a rge t  model, f o r  f l a t  

S i m i l a r  e f f e c t s  are evident  a l s o  i n  t h e  th i ck - t a rge t  model except  t h a t  

here t h e  re la t ive con t r ibu t ion  of t h e  low-energy p a r t i c l e s  i n  genera l  is 

diminished because of t h e i r  s h x t e r  ranad. 

Having considerea 'he product ion of neut rons ,  l e t  us now d i s c u s s  t h e i r  

propagation and t h e  e l s u i n g  zama-ray l ine  production. Wang End Ramaty 



( 1 9 7 4 )  considered i n  d e t a i l  t he  e f f e c t s  of neutron propagation i n  the  

s o l a r  atmosphere on the  production of gamnla r ays  by t h e  r e a c t i o n  

n + p + d + y .  (7) 

I n  t h e i r  treatment a d i s t r i b u t i o n  of neutrons w a s  r e l eased  i n  the  

chromosphere o r  corona, and the  path of each neutron after its release 

was followed by a computer Monte-Carlo s imulat ion.  I f  t h e  neutrons are 

r e l eased  above t h e  photosphere, any i n i t i a l l y  upward moving neutron 

escapes from t h e  Sun. Some of t h e  downward moving neutrons can a l s o  

escape af ter  being backscat tered e l a s t i c a l l y  by ambient protons,  bu t  most 

of these  neutrons e i t h e r  are captured o r  decay a t  t h e  Sun. Because t h e  

p r o b a b i l i t y  f o r  e las t ic  s c a t t e r i n g  is much l a r g e r  than t h e  cap tu re  

p r o b a b i l i t y ,  t he  majori ty  of che neutrons are thermaJized be fo re  they 

ge t  captured. Since t h e  thermal speed i n  the  photosphere (where most 

of t he  captures  t ake  place)  is much smaller than t h e  speed of l i g h t ,  

t h e  gamma-rays from r e a c t i o n  (7) are e s s e n t i a l l y  a l l  a t  2 . 2  Me1' and t h e  

Doppler-broadened width of t h i s  l i n e  is  n e g l i g i b l e .  

The bulk of neutrons a t  t h e  Sun are captured either on H o r  on lie3. 

Whereas captiire on H y i e l d s  a 2 .2  MeV photon, cap tu re  on He3 proceeds via  

the  r a d j a t i o n l e s s  t r a n s i t i o n  

n + H e 3  -+If + p ,  (8) 

and hence produces no photons. The  c ros s  s e c t i o n s  f o r  r e a c t i o n s  (7) and 

(8) are 2 . 2  x 

t h e  v e l o c i t y  of t he  neutron ( f o r  d e t a i l s  see Wang and Ra.at;r 1974). 

i f  t he  H e 3 / H  r a t i o  in t h e  photosphere is 

observed i n  t h e  s o l a r  wind, n e a r l y  equal  numbers of neutrons are captured 

on He3 as  on H. 

p-' c~ and 3.7 x 10"6~-lc$, respect ively.  where B is 

Thus 

5 x comparable t o  t h a t  
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The r e s u l t s  of  t he  Monte-Carlo c a l c u l a t i o n s  of Wong and Ramaty (1974) 

are presenked i n  Figures 5 and 6 f o r  two assumptions on the  phocospheric 

He" abundance: He3/11 = 0 and He"/H = 5 x I n  these  c a l c a l a t i o n s  

an i s o t r o p i c  d i s t r i b u t i o n  of monomergetic neutrons of energy E, is 

released above the  photosphere. 

f o r  t h e  var ious indicated processes.  As can Le seen ,  t h e  cap tu re  and 

l o s s  p r o b a b i l i t i e s  i nc rease  with inc reas ing  energy, because higher  energy 

neutrons pene t r a t e  deeper i n t o  t h e  photosphere. This reduces t h e i r  escape 

p robab i l i t y  and l eads  t o  a s h o r t e r  cap tu re  t i m e ,  thereby reducing t h e  

decay p r o b a b i l i t y  

He3 almost equals  t he  cap tu re  p r o b a b i l i t y  on protons.  

is greater than 0.5, because a l l  i n i t i a l l y  upward moving neutrons esca2e 

from t h e  Sun. Noce t h a t  t h e  sum of a l l  p r o b a b i l i t i e s  equals  1. 

The s o l i d  l i n e s  are t h e  p r o b a b i l i t i e s  

Whcm He3/H = 5 x t h e  p r o b a b i l i t y  f o r  loss on 

The escape p r o b a b i l i t y  

The dashed l i n e s  i n  Figures  5 and 6 are photon y i e l d s  p e r  neutron,  

n €@,E ), f o r  vprious n e u t r m  ene rg ie s ,  En, and ang le s ,  9, between t h e  

earth-sun l i n e  and t h e  v e r t i c a l  t o  t h e  s o l a r  su r f ace .  The func t ion  f is 

defined such t h a t  f o r  an average neutron production r a t e , q ,  t h e  average 

2 . 2  M e V  photon f l  ix a t  Earth is 

$ (2 .2  MeV) = qf/(4nP2) (9) 

where R 1 A . U .  

A t  low neutron ene rg ie s  and e near zc-ro, f i s  c l o s e  t o  t h i  c ap tu re  

p robab i l i t y  on piotons.  This means t h a t  g a m a  r,-ys from low-energy 

neutrons observed c l o s e  t o  t he  v e r t i c a l  escape e s s e n t i a l l y  unat tenuated 

from t h e  Sun. A t  higher energies  and a t  l a r g e r  ang le s ,  however, t h e r e  

i s  s i g n i f i c a n t  a t t e n u a t i o n  of t he  gamma rays  dae t o  Compton s c a t t e r i n g  

i n  the  photosphere. Even though f does depend on En, f o r  f l a r e s  
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s u f f i c i e n t l y  c l o s e  t o  longi tude and l a t i t u d e  zero on t h e  Sun and 

neutron energies  between about 1 and 100 MeV, w e  can approximate i t  

by a constant .  Most of t h e  neutrons have ene rg ie s  i n  t h i s  , m g e  

(Lingenfel ter  and Ramaty 1967). Thus, f o r  He3 1I-i - 5 x w e  use 

f - 0.12, and f o r  H e 3 / H -  0,  w e  t ake  f - 0.2.  

mations are q u i t e  v a l i d  f o r  t he  f l a r e  of 1972, August 4,  s i n c e  its s o l a r  

langi tude and l a t i t u d e  where E08 and N14. 

Note t h a t  t h e s e  apyyoxi- 

I t  should be noted t h a t  equat ion (9) is v a l i d  f o r  t h e  average neutron 

f l u x  only,because t h e  instantaneous 2 . 2  MeV f l u x  l a g s  behind t h e  instan-  

taneous nextron production rate. Th i s  l a g  is almost e n t i r e l y  due t o  

t h e  f i n i t e  neutron capture  t i m e  i n  t h e  photosphere. 

have inves t iga t ed  t h i s  e f f e c t ,  and some of t h e i r  r e s u l t s  are given i n  

Table i. 

t he  captures  take place,  T~ is t h e  mean cap tu re  t i m e ,  and T~ is t h e  neutron 

decay mean l i f e .  I n  terms of t he  parameter 

p r o f i l e  of t he  2.2 MeV photon f l u x  from a monoenergetic b u r s t  of neutrons 

released a t  to can be approximated (Wang and Ramaty 1934) by 

Wang and Ramaty (1974) 

Here <w is t h e  most probable d e n s i t y  i n  t h e  photosphere where 

i\ = r C  -1 + 7 d-l , t h e  t i m e  

$I ( 2 . 2  MeV)  fc nxp[-A(t-to)]. (10) 
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4 .  P R O m  GAMMA-RAY LINES PRODUCTION 

The va r ious  prompt gamma-ray l i n e s  t h a t  can b e  produced i n  s o l a r  

f l a r e s  toge ther  with t h e i r  product ion mechanisms are l i s t e d  i n  Table 2. 

These l i n e s  have a l ready  been d iscussed  by Ramaty and L ingenfe l t e r  

(1973a) except f o r  t h e  L i7  and Be7 l i n e s  a t  478 keV and 431 keV. The 

p o s s i b i l i t y  of producing t h e s e  l i n e s  i n  CrCL-reactions has  been pointed o u t  

r e c e n t l y  by Kozlovsky and Ramaty (1974a) 

The c ross  s e c t i o n s  f o r  t h e  r e a c t i o n s  C1" (p,p' ) C'2*4 '43  , ~ 1 2  ( ( y , ( y l  ) ~ 1 2 * ' . 4 3  

d6 (P,P1 ) OIG**l*, and O1'(cy,e1) 01s*-14 a r e  given i n  Figure 7.  

The cross s e c t i o n  f o r  t he  proton induced r e a c t i o n s  were summarized by 

L ingenfe l t e r  and Ramaty (1967), and t h e  cross s e c t i o n s  f o r  t h e  a - p a r t i c l e  

induced r eac t ions  a r e  from Kozlovsky (p r iva t e  communication). I n  add i t ion ,  

w e  a l s o  cons ider  t h e  r e a c t i o n  pt016_*C12*4*43 +. . . which w a s  d i scussed  

previously (Ramaty and Lingenfe l te r  1973a). By us ing  these  c r o s s  s e c t i o n s  

and t h e  i n t e r a c t i o n  models discussed above, w e  can c a l c u l a t e  t h e  product ion 

r a t e s  o i  C1'* and 916* and t h e  r e s u l t a n t  prompt pho tow a t  4.43 MeV and 

6.14 MeV. We must d i s t i n g u i s h ,  however, between reactiors induced by 

acce le ra t ed  protons o r  @-pa r t i c l e s ,  and r e a c t i o n s  induced by acce le ra t ed  

heavy n u c l e i .  For t h e  former,  t h e  Doppler widths  of t h e  l i n e s  are small 

i n  comparison wi th  a v a i l a b l e  ins t rumenta l  r e s o l u t i o n s  (about 150 keV). 

B u t  f o r  t h e  l a t t e r  t h e  l i n e s  are s ign iE ican t ly  broac'med by t h e  motion 

of the  exc i ted  f a s t  nucleus which has  l o s t  l i t t l e  k i n e t i c  energy i n  L i i r  

i n t e r a c t i o n .  Because these  l i n e s  are so  broad t h a t  they cannot be resolved 

from t h e  background wi th  p re sen t ly  a v a i l a b l e  ins t rumenta t ion ,  i n  our  

t reatment  we consider  t he  i n t e n s i t i e s  of t he  4.43 MeV and 6.14 MeV l i n e s  
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f rom proton and a - F s r t i c l e  induced r eac t ions  only.  

The production rates of C1"* and 01'* i u  t h e  th in - t a rge t  model 

with power-law s p e c t r a  are shown i n  Figure 8. 

the  l i n e s  a t  4.43 and 6.14 MeV are produced mainly by proton induced r eac t ions ,  

whereas f o r  s t e e p  s p x t r a  ( l a r g e  va lues  of s) ,  t h e  con t r ibu t ions  of t he  

a - p a r t i c l e s  becomes important.  For exponent ia l  s p e c t r a ,  proton-induced 

r eac t ions  a r e t h e  p r i n c i p l e  source of t h e  exc i t ed  states a t  a l l  va lues  of 

We see ttiait f o r  f l a t  spectra, 

P O *  

The c ross  s e c t i o n  f o r  Li' product ion i n  arr r eac t ions  is  shcwn i n  

F igu re  5 (Kozlovsky and Ramaty 1974b). The cyoss s e c t i o n  f o r  L i 7  prcduc- 

t i o n  is about ha l f  of t he  t o t a l  Li7 production independent of energy. 

S imi la r ly ,  t he  c ros s  s e c t i o n  f o r  Be7* should a l s o  be  about ha l f  of the  

t o t a l  Be7 production; and because Be7 and Li' are produced by mirror  

r eac t ions  t h e i r  production c r o s s  s e c t i o n s  should be about equal ,  even though 

no da ta  f o r  Be7 production i n  cycy r e a c t i o n s  is  a v i a l a b l e .  

Using these  c ros s  s e c t i o n s  w e  f i n d  t h a t  t h e  i n t e n s i t i e s  of t h e  l i n e s  

a t  478 keV and 431 keV are approximately t h e  same as t h e  i n t e n s i t y  of 

the  4.43 MeV l i n e .  

(Kozlovsky and Ramaty 1974a); t he re fo re ,  they should no t  be observed 

ind iv idua l ly  but  r a t h e r  as a broad s p e c t r a l  f e a t u r e .  

Their  Doppler width,  however, a r e  about 30 keV 

The c ross  s e c t i o n  f o r  t h e  o the r  l i n e s  of Tahle 2 and t h e i r  i n t e n s i t i e s  

were discussed by Ramaty and L ingenfe l t e r  (1973a). The i n t e n s i t i e s  of 

these  l i n e s  are s i g n i f i c a n t l y  lower than t h e  i n t e n s i t y  of t h e  4.43 MeV 

l i n e  f o r  a l l  i n t e r a c t i o n  models and spec t r a  . 
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5. ACCELERATED PARTICLES AT THE SUN AND IN THE INTERPLANETARY MEDIUM. 

The entrgy spectrit- of the  acce le ra t ed  p a r t i c l e s  a t  t h e  Sun can  he 

deduced by comparing the ca l cu la t ed  and observed r a t i o s  of t h e  i n t e n s i t i e s  

of t h e  s t r o n g e s t  prompt i i n e  a t  4 . 4 3  MeV t o  t h a t  of t h c  neutron cap tu re  

l i n e  a t  2.23 M e V .  This r a t i o  for both t h e  t h i n  and th i ck - t a rge t  models 

is shown i n  Figure 10 as a func t ion  of 6, f o r  power-law s p e c t r a ,  and Po, 

f o r  exponent ia l  spec t r a ,  These were obtained from t h e  c a l c u l a t i o n s  of 

Sect ions 3 and 4 using a photon y i e l d ,  f ,  of 0 . 2 .  This y i e l d  corresponds 

t o  a photospheric r a t i o  He3/H = 0. 

Figure 10 should be r a i s e d  by about a f a c t o r  of 2. 

expected t o  be somewhat s t ronge r  than t h e  6 . 1 4  MeV l i n e .  

obse rva t iona l  l i m i t s  were reported f o r  t hese  two l i n e s ,  

o u r c a l c u l a t i o n s  t o  t h e  4 . 4 3  MeV l i n e ,  our r e s u l t s  w i l l  a l s o  be  c o n s i s t e n t  

wi th  t h e  6 . 1 4  MeV l i n e  wi th in  t h e  u n c e r t a i n t i e s  of t h e  measurements. 

For He'/H = SxlO-' t h e  curves i n  

The 4 . 4 3  MeV l i n e  is 

Since t h e  same 

t' w e  normalize 

As can be  seen from Figure 10 f o r  exponent ia l  s p e c t r a  i n  both  t h e  t h i n  

and th i ck - t a rge t  models 9 4 . 4 3 / 9 2 . 2 3  decreases wi th  inc reas ing  Po. 

r z s u l t s  

i nc reas ing  energy as opposed t o  t h e  decrease of t h e  e x c i t a t i o n  c r o s s  

s e c t i o n s  (compare Figures  1 and 7 ) .  

power-law s p e c t r a  f o r  s smaller than about 4.5 i n  t h e  t h i n - t a r g e t  model, 

and s less than aboiit 6 j q  t h e  th i ck - t a rge t  model. 

'4.43"2.23 

produced mainly i n  CXCNO and C N Q  r e a c t i o n s  which have lower th re sho lds  than 

those f o r  prompt gamma-ray production. 

This 

tron. rl-e i n c r e a s e  of t h e  neutron production c r o s s  s e c t i o n  wi th  

The same behavior can be seen f o r  

For l a r g e r  va lues  of s, 

decreases  wi th  inc reas ing  s because these  neutrons are 
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L e t  us  compare now t h e  c a l c u l a t i o n s  with t h e  d a t a .  The observed 

(ChUPP 1974) i i 4 ,  43/+,. 23 r a t i o  of O. l l+O.O4 f o r  t h e  1972, August 4 f l a r e  

i s  a l s o  shown i n  Figure 10. A s  can be  seen from t h i s  f i g u r e ,  assuming power- 

l a w  s p e c t r a  f o r  t h e  p a r t i c l e s  i n  t h e  f l a r e  reg ion ,  t h e i r  s p e c t r a l  index 

s snould l i e  between the  va lues  of 2 9 . 2  deduced f o r  t h e  th in - t a rge t  

model and 3 9 . 3  f o r  t h e  th i ck - t a rge t  model i f  t he re  i s  no He3 i n  t h e  

photosphere; o r  between 1.8 i0.2and 2.7 5 . 2  f o r  t h e s e  models i f  t5e 

photospherjc He3 /H r a t i o  is 5x10-’. S imi l a r ly ,  assuming exponent ia l  

Fpectra ,  t h e  implied Po’s should l i e  between 110 +30MV f o r  t h e  th ick- ta rge t  

model and 160 435MV f o r  t h e  t h i n  t a r g e t  model i f  Xe3 /H = 3; or  between 

180 - +50MV and 230 +5OMV f o r  t hese  models i f  He3 /H = 5x10-’. 

Compar’.qm of these  implied p a r t i c l e  s p e c t r a  i n  t h e  s o l a r  f l a r e  reg ion  

with the  proton spectrum observed i n  t h e  i n t e r p l a n e t a r y  medium from t h e  

1972, August 4 f l a r e  is complicated by t h e  p o s s i b i l i t y  t h a t  t h e  latter 

:;pectrum may have been s i g n i f i c a n t l y  modified by a c c e l e r a t i o n  i n  t h e  

interp1anetar:i mtdium. Nonetheless,  t h e  proton spectrum obta ined  by 

Bertsch e ?  a l .  (1974) from a rocket  f l i g h t  a t  1916 UT on August 4, 1972 had 

a s p e c t r a l  index -2 i n  t h e  10 t o  100 MeV reg ion ,  i n  good agreement wi th  our 

conclusions.  

Knowing t h e  s p e c t r a l  index f o r  t h e  va r ious  models, w e  can now 

deduce t!-e t o t a l  nunber of protons a t  t h e  Sun. I n  t h e  th i ck - t a rge t  model, 

\e. ’Lime i n t eg ra t ed  photon f l u x  from t h e  f l a r e  determines t h e  t o t a l  number 

of acce le ra t ed  p a r t i c l e s  t h a t  i n t e r a c t  and s t o p  a t  the  Sun. According 

t o  Chupp (1974), t h e  2 . 2  >lev i n t e n s i t y  €o r  t h e  1972, August 4 f lare  was 

about 0.3 photons cm-“ s-’ . 
i n t e r v a l  of observa t ion  (0623 t o  0633 UT) which g ives  a t o t a l  f l u x  of 

This f l u x  i s  t h e  average over t h e  time 
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about 180 photons cm-2. 

by t h e  Earth before  the  terinination of t he  gamma-ray event ,  t h i s  i s  a lower 

l i m i t  t o  the  t o t a l  flux from the  f l a r e .  I f  w e  assume a dura t ion  of -103 

seconds f o r  t he  event ,  a s  ind ica ted  by t h e  hard x-ray da ta  (van Beek e t  a l .  

1973), then the  t o t a l  f l u x  of 2.2 MeV photons w a s  -300 cm-2. 

neutron y i e l d  Q shown i n  Figure 4 ,  w e  f i n d  t k a t  i f  f = 0 . 2 ,  

7x1P2 f o r  s=3, and (>30MeV) = 1.0 x lP3 f o r  Po = 110 MV. 

ponding values  f o r  He3 /H = 5x10-' are about t h e  same, 

of a lower f i s  approximately c a x e l l e d  by a higher  neutron y i e l d  . 
the  t o t a l  number of protons above 30 MeV re leased  downward i n t o  t h e  Sun 

i n  t h e  th ick- ta rge t  model is about lP3 independent of t h e  s p e c t r a l  form 

o r  the  He3/H r a t i o .  

Since t h e  de t ec to r  on OSO-7 w a s  ec l ip sed  

From t h e  

(>3OMeV) = 
P 
The corres-  

P 
because t h e  e f f e c t  

Therefore ,  

For the  th in- ta rge t  model, t he  instantaneous gamma-ray observa t ions  

determine the  product of t h e  ambient proton o r  hydrogen dens i ty ,  nH, and 

t h e  instantzneous number of t h e  acce lera ted  p a r t i c l e s  i n  t h e  i n t e r a c t i o n  

region. 

i m p l i e s  t h a t  i f  f = 0.2,  %Np (>3OMeV) 2 5 ~ 1 0 * ~ c m - ~  f o r  S=2, and 

From t h e  neutron y i e l d  q shown i n  Figure 4 ,  t he  f l u x  given above 

'kNP 

(>30MeV) 2 1044cm-3 f o r  Po = 160MV. 

e f fec t ed  by the  photospheric He3/H r a t i o .  

As before,  these  va lues  are no t  

To ob ta in  an es t imate  of t h e  number of protons re leased  i n t o  t h e  

in t e rp l ane ta ry  medium, t h e  information obtained from t h e  gamma rays  i n  

the  th in- ta rge t  model can be combined with d a t a  on t h e  pa th  length t raversed  

by the  nuc le i  before  t h e i r  escape from t h e  interaction region.  

information can be obtained from s t u d i e s  of deuterons and helium-3 nuclei  

from f l a r e s .  

(We.bber e t  a l .  1974), when compared with c a l c u l a t i o n s  of the production of 

Such 

The H2 and He3 observa t ions  from t h e  1972, August events  
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these  i so topes  i n  nuc lear  r e a c t i o n s  (Ramaty and Kozlovsky 1974) imply t h a t  

t h e  amount of mat te r  t raversed  by re la t ivis t ic  p a r t i c l e s  i s  about 1 .5  g cm-2. 

This means t h a t  t h e  product nH% is about 3 ~ 1 0 1 ~  C ~ - ~ . S .  where tl is  the  

i n t e r a c t i o n  t i m e  of t h e  p a r t i c l e s  a t  t h e  Sun. 

a s  t h e  escape t i m e  of t h e  p a r t i c l e s  from t h e  i n t e r a c t i m  reg ion ,  then 

t h e  protons were re leased  i n t o  t h e  in t e rp l ane ta ry  medium at  a n  average 

rate N (>30MeV)/tl varying from about 1 .6  t o  3x103' protons s-'. 

t o t a l  number of protons r e l eased  is  t h e  product of t h i s  rate and t h e  

a c c e l e r a t i o n  t i m e  T. A s  i nd ica t ed  by t h e  x-ray d a t a  (van Beek et a l .  19731, 

T is about 103 seconds; t he re fo re  t h e  t o t a l  number of protons re leased  is  

between about 1 .6  t o  3x1P3 protons.  

about a f a c t o r  of 2 t o  3 than t h e  number of protons r e l eased  downward i n t o  

the  Sun i n  t h e  th ick- ta rge t  model. 

I f  tl i s  a l s o  i n t e r p r e t e d  

The 
P 

These numbers are l a r g e r  by only  

The number of protons r e l eased  from t h e  f l a r e  should be compared with 

estimates of t he  t o t a l  number of protons i n  t h e  i n t e r p l a n e t a r y  medium as 

obtained from charged p a r t i c l e  observat ions.  

have est imated t h i s  quan t i ty  by t ak ing  t h e  observed dens i ty  of protons 

near Earth and by mul t ip ly ing  i t  with a s t o r a g e  volume i n  t h e  i n t e r p l a n e t a r y  

medium which they took t o  be - lU39cm3.  

proton f l u x  g r e a t e r  than 30 MeV measured by Kohl e t  a l .  (19731, w e  ge t  

about 103' protons.  

estimate f o r  t h e  number of protons r e l eased  i n  t h e  th in - t a rge t  model. 

But s i n c e  t h e  measured peak proton f l u x  could c o n s i s t  t o  a l a r g e  degree of 

p a r t i c l e s  acce le ra t ed  by shocks i n  t h e  i n t e r p l a n e t a r y  medium, i t  appears  

t h a t  t h e r e  is no real discrepancy between t h e  number of protons re leased  

f o r  t h e  Sun as deduced from t h e  gamma rays  and t h e  number observed i n  

in t e rp l ane ta ry  space.  

Ramaty and L ingenfe l t e r  (1973a) 

By using t h i s  volume and t h e  peak 

This number is  l a r g e r  by a f a c t o r  of 3 t o  6 than our 
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6. THE NATURE OF THE POSITRON ANNIHILATION RADIATION 
+ Posi t rons  can be produced i n  s o l a r  f l a r e s  from t h e  decay of n 

mesons and r ad ioac t ive  n u c l e i  which r e s u l t  from nuclear  r eac t ions  of 

acce lera ted  protons and n u c l e i  with the  ambient medium. The p o s s i b i l i t y  

t h a t  a s ig t i i f i can t  f r a c t i o n  of s o l a r  pos i t rons  can a l s o  be produced by 

acce lera ted  e l ec t rons  i n  e -e p a i r s  is  being considered by B a i  and + -  

Ramaty (1975). Annih i la t ion  of pos i t rons  can produce a gamma-ray l i n e  

a t  0.51 MeV. This l i n e  w a s  observed by Chupp e t  a l .  (1973) f o r  both 

the  1972, August 4 and August 7 f l a r e s .  

+ The c ross  s e c t i o n s  f o r  t h e  prodiiction of TT mesons and B+-emitting 

r ad ioac t ive  nuc le i  were given by Lingenfe l te r  and Ramaty (1967). Kozlovsky 

( p r i v a t e  communication) has r ecen t ly  updated t h e  c ros s  s e c t i o n s  of t h e  f3 - 
emitters. 

4- 

Using these  c r o s s  sec t ions  w e  c a l c u l a t e  from equat ion (3) -he 

instantaneous production rates of pos i t ron-emi t te rs  i n  t h e  th in - t a rge t  

model f o r  power l a w  spec t r a .  

seen, f o r  f l a t t e r  spec t r a  t h e  p r i n c i p a l  pos i t ron  source is  TT mesons, bu t  f o r  

The r e s u l t s  are shown i n  Figure 11. As can be 

+ 

steeper spectra, t he  pion con t r ibu t ion  is  neg l ig ib l e .  This e f f e c t  can a l s o  

be seen i n  Figure 1 2 ,  where t h e  r a t i o  of t h e  pion y i e l d  t o  t h e  t o t a l  

posi t ron-emit ter  y i e l d  ( including both pions and r ad ioac t ive  nuc le i )  is 

p lo t t ed  as a func t ion  of s o r  P 

t h a t ,  as f o r  neutron product ion,  t h e  e f f i c i e n c y  of IT production is l a r g e r  

i n  t h e  th ick- ta rge t  model than i n  the  th in - t a rge t  model. 

f o r  both i n t e r a c t i o n  models. We see 
0 + 

The r a t i o s  
y i e l d  

of t h e  t o t a l / o f  posi t ron-emit ters  t o  t h e  neutron y i e l d  a r e  shown i n  

Figure 13 f o r  t h e  var ious  i n t e r a c t i o n  models. 

The i n t e n s i t y  of t h e  0.51 MeV l i n e ,  however, depends not  only on 

the  number of pos i t ron  e m i t t e r s  produced, bu t  also on t h e  decay rate of t h e  
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po-itron emitters and on the annihilation rate of the positrons. The 

mean lives against radioactive decay of the various positron emitters 

are shown in Table 3. 

The annihilation rate of the positrons depends on the density, temperature 

and state of ionization of the ambient medium. As discussed previously 

(Stecker 1969, Ramaty and Lingenfelter, 1973b) in a low density and 

neutral medium, positrons nearly always annihilate via positronium forma- 

tion; only if the ambient density wceeds about Id5 cm-3 do collisions destroy 

the 3S state of positronium at such a rate that free annihilation becomes 

more important than positronicm annihilation (Leventhal 1973). 

annihilation from a bound state of positronium results in an asymmetric 

0.51 MeV line, since 75% of the time positronium annihilates from the 3S 

state into 3 photons of energies less than 0.51 MeV, instead of 2 photons 

at precisely this energy. 

to be symmetric, and the observational upper limit on the fraction of 

3-photon annihilations is about 20% of the total ( 7 3 .  Forrest, private 

communication 1973). 

As we noted, three-photon annihilation could be reduced by collisions, 

Positron 

The 0.51 MeV Line from the Sun, however, appears 

but the required density of 2 1015 

ambient medium is ionized, the rate of positronium formation is greatly 

reduced. 

annihilation per positron in a hydrogen plasma of unit density as a function 

of its temperature (C. Werntz and C. Cracnell, private comunication 1973). 

is quite large. However, if the 

In Figure 14 we show the rate of positronium formation and free 

As can be seen, if the temperature is greater than about 106OK, most 

This is not an of the positrons annihilate without forming positronium. 

unreasonable temperature for the annihilation region; however, from the 

observed upper limit on the width of the 0.51 MeV line, the temperature 
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i n  t h e  a n n i h i l a t i o n  region should be less than l U 7 ' K  (Chupp 1974). 

According t o  t h e  observa t ions  of t h e  1972, August 4 f l a r e ,  t h e  r i s e  

MeV l i n e  was wi th in  ins t rumenta l  e r r o r s ,  similar t o  o r  t i m e  of t h e  0.51 

perhaps even s h o r t e r  than t h e  rise t i m e  of t he  2.23 XeV l i n e  (Chupp 1974). 

The la t te r  w a s  about 100 seconds,  c o n s i s t e n t  w i th  t h e  expected l a g  between 

the  product ion of t h e  neut rons  and t h e  formation of t h e  2.2 MeV l i n e  

( see  Table 1). Assuming t h a t  t h e  t i m e  dependence of t h e  product ion ra te  

of t h e  pos i t ron  emitters is t h e  same as t h a t  of t h e  neutrons,  t h e  l a g  

between t h e  product ion of t h e  positrori  emitters and t h e  formation of t h e  

0.51 

t h i s  r e s u l t  impl ies  t h a t  t h e  dens i ty  of t h e  ambient medium i n  t h e  ann ih i l -  

a t i o n  region is  a t  least  10l2 ~ m - ~ .  

nuc lear  o r i g i n ,  then from Table 3 i f  fol lows t h a t  they  should mainly 

r e s u l t  from n+ mesons and s h o r t  l i v e d  r a d i o a c t i v e  n u c l e i  (01', Oi4  and N'"). 

MeV l i n e  should not  be longer  than about  100 seconds. From Figure  14, 

Furthermore i f  t h e  pos i t rons  are of 

The observed average f l u x  i n  t h e  0.51 MeV l i n e  f o r  t h e  f l a r e  of 1972, 

August 4 was about 0.06 photons cm-2s-1 (Chupp 1974). Hence t h e  

observed 'to. 5 1 / 4 2 . 2 3  r a t i o  was about 0.2.  

L e t  f' be  the  0.51 MeV photon y i e l d  per  p o s i t r o n  def ined i n  t h e  

same way a s  t h e  2.23 M e V  photon y i e l d  per  neutron,  f ,  i n  equa t i cn  (9).  

A s  d iscussed i n  Sec t ion  3 ,  f ranges from about 0.1 t o  0.2. 

va lue  o i  f' is  2. 

Sun before  they a n n i h i l a t e ,  and, fur thermore,  a f r a c t i o n  of t h e  pos i t rons  

can be trapped a t  t h e  Sun i n  low dens i ty  reg ions  where t h e  a n n i h i l a t i o n  

time is long, f' can be considerably less than 2.  

The maximum 

But because p a r t  of t h e  p o s i t r o c s  can escape from t h e  

According t o  our d iscuss ion  i n  Sec t ion  5 ,  f o r  power l a w  s p e c t r a  SF-2 i n  

the  th in - t a rge t  model, and -3  i n  t h e  th ick- ta rge t  model. For t h e s e  s p e c t r a l  
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parameters,  from Figure 1 2  w e  see t h a t  t h e  bulk of the  pos i t ron  emitters 

a r e  TT mesons, and from Figure 13  w e  ge t  t h a t  t h e  p o s i t r o n  emitter-to- 

neutron r a t i o  i s  about 0.2. 

implies  t h a t  f' 1 f ,  i .e .  t h e  0.51 MeV y i e l d  p e r  pos i t ron  is about t h e  

same as t h e  2.23 MeV y i e l d  per neutron.  I n  v i e w  of t h e  u n c e r t a i n t i e s  

involved i n  t h e  deduct ions of f ' ,  t h i s  is no t  an  unreasonable r e s u l t .  

We can a l s o  deduce f' f o r  t h e  var ious  va lues  of P 

and i n  a l i  cases  w e  f i nd  acceptab le  va lues  (0 .1  < f' < 2 ) .  For t hese  

exponent ia l  spectra t h e  con t r ibu t ion  of n 

product ion is g r e a t e r  than about 50% i n  a l l  cases, except i n  t h e  th ick- ta rge t  

model with no He3 i n  t h e  photosphere where they c o n t r i b u t e  only about 25% 

of the  pos i t rons .  

t he  pos i t rons  are due t o  n+ mesons would be t h e  observa t ion  of g a m a  rays  

from no decay. 

r ays ,  w e  s h a l l  no t  d i scuss  t h i s  p o s s i b i l i t y  i n  t h e  p re sen t  paper.  

+ 

The observed r a t i o ,  ' 0 . 5 d 4 2 .  23 - 0.2 then 

obtained i n  Sec t ion  5,  
0 

+ mesons t o  t h e  t o t a l  pos i t ron  

A d e f i n i t e  test f o r  t h e  p o s s i b i l i t y  t h a t  t h e  bulk of 

As t he re  is no published da ta  on high energy s o l a r  gamma 

A s  mentioned above, prompt 0.51 MeV photons could a!so r e s u l t  from 

pos i t rons  produced i n  e -e 

by 2 1 MeV e l ec t rons .  

emission by bremsstrahlung, it is  poss ib l e  t o  c a l c u l a t e  t h e  pair-to- 

bremsstrahlung y i e l d  (Bai and Ramaty 1975). By comparing these  c a l c u l a t i o n s  

with t h e  observed continuum emission from t h e  1972, August 4 f l a r e  

(Chupp 1974), w e  cind t h a t  if t h e  bremsstrahlung i s  produced by an  i s o t r o p i c  

d i s t r i b u t i o n  of e l e c t r o n s  a t  t h e  Sun, p a i r  product ion could account f o r  

l e s s  than 1% of t h e  pos i t rons  required t o  produce t h e  0.51 MeV l i n e .  

However, i f  t h e  e l e c t r o n  beam i s  d i r e c t e d  downward i n t o  t h e  Sun, t h e  

bremsstrahlung e f f i c i e n c y  i n  t h e  backward d i r e c t i o n  i s  g r e a t l y  reduced 

+ -  p a i r s .  Such pairs would be produced mainly 

Because these  e l ec t rons  a l s o  produce continuum 
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f o r  r e l a t i v i s t i c  particles (Pe t ros i an  1973). I n  t h i s  case p a i r  prod-xt ion 

could account f o r  e s s e n t i a l l y  a l l  t h e  prompt 0.51 

1972, August 4 flare.  

MeV photons of t h e  

F i n a l l y ,  w e  wish t o  mention t h a t  delayed photons (by about 1 5  minutes) 

were observed for t h e  1972, August 7 flare (Chupp e t  ?1. 1973). These 

photons are most l i k e l y  due t o  t h e  long l i v e d  r a d i o a c t i v e  n u c l e i  such 

C l l  and NI3.  



-23- 

7. SUMMARY 

The observed gamma-ray l i n e s  from t n e  1072, August 4 f l a r e ,  a t  0.5, 

2 . 2 ,  4.4 and 6.1 MeV a r e  due t o  pos i t ron  a n n i h i l a t i o n ,  neut ta i l  c.apture 

on hydrogen, and d e e x c i t a t i o n  of exc i t ed  s t a t e s  i n  Ci2  a; , respec- 

t i v e l y .  The s t r o n g e s t  l i n e  i s  a t  2.23 MeV. It is  due t o  neutrons 

produced by nuc lear  r e a c t i o n s  of f l a r e  acce le ra t ed  p a r t i c l e s  wi th  t h e  

ambient s o l a r  atmosphere. The f i  neutrons are thermalized and c a p t w e d  

by ambient protons i n  t h e  photosphere t o  produce deuterons and 2.23 MeV 

gamma rays .  

neutrons.  Because cap tu res  an  Se3 do no t  lead  t o  photon emission, t h e  

observa t ion  of 2 .23  MeV l i n e  emission from t h e  Sun impl ies  t h a t  t h e  

He3 abundance i n  t h e  photosphere cannot be  much l a r g e r  than  t h a t  observed 

i n  t h e  s o l a r  wind (He3/H 

Photospheric He3 competes wi th  t h e  protons i n  captur ing  

~ x I O - ~ ) .  

We have evaluated i n  d e t a i l  t h e  y i e l d  of neut rons  and exc i t ed  C1" and 

0l6 n u c l e i  from nuclear  r e a c t i o n s  of acce le ra t ed  p a r t i c l e s  w i th  t h e  ambieni 

s o l a r  atmosphere. 

mainly i n  pa, and cup r e a c t i o n s  by primarv p a r t i c l e s  with ene rg ie s  g r e a t e r  

than about 30 MeV/nucleon. 

are p r i n c i p a l l y  due t o  proton induced i n t e r a c t i o n s .  

f a s t  carbon and oxygen n u c l e i  l ead  t o  Doppler broadened l i n e s  which canrlot 

b e  d i s t ingu i shed  from t h e  continuum. 

For t h e  1972, August 4 f la re  t h e  neut rons  are produced 

The observed g a m .  r a y s  a t  4.43 MeV and 6.14 MeV 

Reactions induced by 

From t h e  comparison of t h e  c a l c u l a t e d  and observed r a t i o s  of t h e  l i n e s  

a t  4.43 MeV o r  6.14 MeV t o  t h e  l i n e  a t  2.23 MeV i t  is  p o s s i b l e  t o  deduce t h e  

spectrum of t h e  acce le ra t ed  p a r t i c l e s  I n  t h e  f l a r e  region.  

index s def ined i n  equat ion  (1) is 2 3 . 2  f o r  t h e  t h i n - t a r g e t  model and 

3 9 . 3  f o r  th ick- ta rge t  model i f  t h e r e  i s  no He3 i n  t h e  photosphere;  o r  

The s p e c t r a l  
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1.8 + 0 , 2  and 2 . 7  20.2 f o r  these models i f  t h e  yhntospf r i c  I k 3 / H  r a t i o  

i s  5 ~ 1 0 ~ ~ .  

160 - +35W f o r  the  th in-L 

model if He3/H = 0; or 230 - +50MV an? 180 55UMV f o r  t hese  models i f  

H e 3 / H  = 5x10-'. 

. ard i n t o  the  Sun i n  t h e  th i ck - t a rge t  mode1 is  zbout lP3, For t h e  thin-  

The c h a r a c t e r i s t i c  r i g i d i t y  Po def ined i n  equatiir-n (2) is  

e t  nodel and 110 +3@W f c r .  t h e  th i ck - t a rge t  

The t o t a l  number of protons above 30 MeV re1c:sed down- 

t a r g e t  modei 

thickness of the  target for  r e l a t i v i s t i c  p a i t i c i e s  is 1.5 g cm-" as deduced 

about  2 ~ 1 0 ~ ~  ; ro to i l s  escape from t h e  f l a r e  region i f  t h e  

from deuteron and helium--3 observat ions.  

+ The pos i t rons  which produce the  0.51 MeV l'ne could be due t o  TT 

mesons, r ad ioac t ive  n u c l e i ,  and p a i r  production. We have evaluated i n  

d e t z i l  the  production of mesons and r a d i o a c t i v e  3 u z l e i  i n  nuclear  react?.ons 

of acce le ra t ed  charged p a r t i c l e s  w i t h  ambient n u c l e i .  

n a t u r e  of the (1.51 MeV l i n e  seemito favor pos i t ron  production from n 
+ -  decay or e -e p a i r s  i n  t h e  i n i t i a l  phase of the 1972, August 4 event .  

The i e l a t i v e l y  prompt 

+ 

The delayed 0.51 MeV l i n e  emission observed f o r  i h r  1972, - :gust 7 elrent is very  

l i k e l y  due t o  pos i t rons  from r a d i o a c t i v e  n u c l e i .  
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Fipure Captions 

1. Neutron production c r o s s  s e c t i o n s  

2. P a r t i a l  neutron production modes i n  t h e  th in - t a rge t  model wi th  
power-law s p e c t r a  

3. P a r t i a l  neutron production nodes i n  t h e  th in - t a rge t  node1 wi th  
exponential  s p e c t r a  

4. T o t a l  neutron production i n  t h e  t h i n  and th i ck - t a rge tmode l swi th  
power-law and exponent ia l  s p e c t r a  

5. P r o b a b i l i t i e s  f o r  neutron escape, decay, and cap tu re  i n  t h e  s o l a r  
atmosphere ( s o l i d  l i n e s ) ,  and photon y i e l d s  per neutron (dashed 
l i n e s )  f o r  no He3 i n  t h e  photosphere 

6 .  P r o b a b i l i t i e s  f o r  neutron escape, decay, and c a p t u r e  i n  t h e  s o l a r  
atmosphere ( s o l i d  l i n e ) ,  and photon y i e l d s  per  neut ron  (dashed 
l i n e s )  f o r  He3 /H = S X ~ O - ~  

7. 

8 .  

C12* and de production c r o s s  s e c t i o n s  

C1"* and 0'"* par t ia l  production modes i n  t h e  t h i n - t a r g e t  model 
wi th  power-law s p e c t r a  

9. ~i~ production c r o s s  s e c t i o n  i n  cw r e a c t i o n s  

10. Rat ios  of the  4.43 MeV l i n e  i n t e n s i t y  t o  t h e  2.23 MeV l i n e  i n t e n s i t y  
f o r  t h i n  and th i ck - t a rge t  models, and power law and exponent ia l  
s p e c t r a  

11. P a r t i a l  pos i t ron  production modes i n  t h e  th in - t a rge t  model wi th  
power-law spectra 

+ 1 2 .  Rat ios  of t h e  rr meson y i e l d s  t o  t h e  t o t a l  p o s i t r o n  y i e l d s  f o r  t h e  
t h i n  and th i ck - t a rge t  models, and power l a w  and exponent ia l  s p e c t r a  

i'3. Rat ios  of t h e  t o t a l  p o s i t r o n  y i e l d  t o  t h e  t o t a l  neut ron  y i e l d  f o r  
t h e  t h i n  and th i ck - t a rge t  models, and power l a w  and exponent ia l  
s p e c t r a  

14 .  P o s i x o n  f r ee -ann ih i l a t ion  rate and positronium formation rate i n  
a hydrogen plasma 
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TABLE 2 

Prompt G a m  Ray Lines 

Photon Energy Origin Production mode 
(MeV) - 

4 7*0.4>1 He (cuyn) Be 0.431 Be deexcitation 

0.478 ii7*deexci ta tion He (cu,p> Li 

7* 

4 7W. &78 

20 20*1.63 
I .63 Ne 20*1063 deexcitation Ne (PYP')Ne 

14*3.94 --* N14*2.31deexcitati0m 14 14*3 .94 

d 4 i p  , p  )N 14*2.31 
N !PY P' IN 

2.31 N14*2. 3 1 deexci ta tion 

14*3 .94 14*2.3 1 -a 14 

14 14 14*2.31 
N (PSP'IN 

N (PYn)o -4!l 

4.43 C12*4 '43deexci ta tion C12(P,P' IC 12*4.43 

12 12*4.43 

16 12*4.43 

16 15*5.20 

c (Cr,Cu')C 

0 (P, 1 c 

5.2 015*5 02' deexcitation 0 ( P Y  1 0 
N15*5. 28 16 15*5.28 

deexcitation 0 (PY )N 
6.14 016*6 *I4 deexcitation 0l6(PYP'I 0 16*6.14 

0 16 (cYycY')  0 16*6.14 

16*7.12 7.12 0' 6*7 *I2 deexci ta ti-n 0l6 (P r P' 10 



TABLE 3 

Positron Emitter Mean Lives (Sec) 

2.6~10-~ 

0.016 

1766 

863 

102 

176 
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